The aim was to examine the causal effect of vitamin D on serum adiponectin using a multiple instrument Mendelian randomization approach. 
INTRODUCTION

It is suggested that circulating 25-hydroxyvitamin D (25(OH)D) is
inversely associated with insulin resistance and development of type 2 diabetes. 1, 2 The mechanism by which vitamin D may affect the risk of diabetes is unknown, but it has been proposed that vitamin D affects obesity-induced inflammation or has more direct effects on insulin sensitivity and beta-cell function. 3, 4 Adiponectin is a 244 amino acid protein involved in a number of metabolic processes, including glucose regulation, and is associated with type 2 diabetes, obesity, atherosclerosis and nonalcoholic fatty liver disease. [5] [6] [7] Furthermore, genetic studies support a causal role of adiponectin in glucose regulation and diabetes. 8 Adiponectin is predominantly secreted by adipose tissues and circulates in a variety of higher order structures (e.g., a trimer, a hexamer and a high-molecular weight (HMW) form). 9 Proteolytic cleavage of the full-length molecule produces globular adiponectin with proposed enhanced potency. Experimental evidence suggests that the different fractions of adiponectin may show distinct biological effects. 10 However, in general they are correlated and their differential effects are scarcely studied. 11 Recent cross-sectional studies suggest an association between blood concentrations of 25(OH)D and adiponectin. [12] [13] [14] [15] [16] [17] This raises the hypothesis that vitamin D may be causally related to adiponectin concentrations and provides a potential mechanism, whereby vitamin D may affect the development of diabetes. However, results from traditional observational studies might be affected by residual confounding and reverse causation and lead to false conclusions. Whether the observed association is causal remains to be solved. The method of Mendelian randomization is based on the random allocation of alleles at conception and uses genetic variance as proxy variables for environmental factors. In theory, it mimics a randomized trial, and the problems of confounding and reverse causation in traditional observational studies are minimized. 18, 19 Genome-wide association studies have identified several nucleotide polymorphisms associated with change in serum 25(OH)D levels. 20, 21 The rs2282679 in the group-specific component (GC) gene, which encodes vitamin D-binding protein, is associated with reduced concentrations of vitamin D-binding protein and low 25(OH)D. 20 Furthermore, loss-of-function variations (R501X or 2282del4) in the filaggrin (FLG) gene, a gene encoding a protein which provides skin hydration and photo protection, have also been associated with 10% increased serum 25(OH)D concentrations. 22 Here, we examine the causal effect of vitamin D on adiponectin using the rs2282679 and common FLG variations as instrumental variables (IV) in a Mendelian randomization approach. 1 
MATERIALS AND METHODS
Study populations
We used baseline data from the Inter99 study, a population-based randomized controlled trial (NCT00289237, ClinicalTrials.gov) including residents (number of participants (n) ¼ 61 301) from Copenhagen and investigating the effects of lifestyle intervention on cardiovascular disease. 23 The sub-population consisted of an age-and sex-stratified random samples drawn from the civil registration system. A total of 12 934 adults aged 30-60 years (born in 1939-40, 1944-45, 1949-50, 1954-55, 1959-60, 1964-65 and 1969-70) were eligible for invitation and were invited to a health examination during 1999-2001. The participation rate was 52.5% (n ¼ 6784). 23 Only participants with a Northern European origin (Denmark, Norway, Sweden, Iceland and Faeroe Islands) were included (n ¼ 6405). 24 Only cross-sectional baseline data were included in the current study, that is, data were collected before any intervention was given.
In addition, we used the Danish Monitoring Trends and Determinants of Cardiovascular Disease (MONICA)10 population consisting of adults aged 41-71 years (born in 1922, 1932, 1942 and 1952) , who agreed to participate in a follow-up examination during 1993-1994 of the MONICA1 population survey. The original MONICA1 population survey took place from 1982-1984 and included 4807 men and women born in 1922, 1932, 1942 or 1952 who were randomly selected from 11 municipalities in the former Copenhagen County. The participation rate of MONICA1 was 78.7% (n ¼ 3 785). A total number of 2656 individuals participated in the 10-year follow-up examination. Only cross-sectional data from the 10-year followup examination were included in the current study.
Both studies were approved by the Ethical Committee of Copenhagen and were conducted in accordance with the principles of the Helsinki Declaration II. Prior informed written consent was obtained from all participants.
Measurement of adiponectin
In the Inter99 study, total serum adiponectin concentrations were measured as a part of a previous study aiming at developing a model for assessing the five-year risk of developing type 2 diabetes from six routine clinical variables and a panel of 58 circulating candidate biomarkers in multiple diabetes-associated pathways. 25 The nine top candidates adiponectin, C-reactive protein, ferritin heavy chain 1, heat 29 The detection limit was 10 nmol/l and observations below this limit were assigned 10 nmol/l (n ¼ 74). In the MONICA10 study, samples were collect during 1993-1994 and stored at À 20 1C until analyses in 2011. Serum 25(OH)D was measured using the IDS ISYS immunoassay system based on chemiluminescence technology (iSYS Immunodiagnostic System, Boldon Tyne & Wear, UK). 30 In both study cohorts, 25(OH)D measurements included both D2 and D3. In total, 25(OH)D was measured in 6146 Inter99 participants and 2649 MONICA10 participants.
Genetic variation data
In the Inter99 study, we genotyped for seven single nucleotide polymorphisms (rs2282679 in the group-specific component gene, rs2060793 in the CYP2R1 gene, rs3829251 in the NADSYN1 Genotypes were determined using KBiosciences allele-specific PCR (KASPar) (KBiosciences, Hoddesdon, UK). Genotyping call rates were498% and no errors were observed in 350-358 duplicate samples. All genotypes were in Hardy Weinberg equilibrium (P40.05). Only the rs2282679 was significantly associated with serum 25(OH)D levels and was included in the current study (Supplementary information Table 2 ).
In the Inter99 cohort, we also determined the three most common lossof-function variations of the FLG (R501X, 2282del4 and R2447X). The various FLG loss-of-function variants are believed to have equivalent biological effects, and the two first have been shown to be associated with higher serum 25(OH)D concentrations. 22 Allele-specific regions covering these variations were amplified from genomic DNA by asymmetric PCR and tagged primers. The obtained PCR products were hybridized to spectral coded microbeads (Luminex, Austin, TX, USA) carrying anti-tag DNA probes specific for the variations and wild-type and subsequently analyzed on a BioPlex 200 (Bio-Rad Laboratories, Hercules, CA, USA). The call rates were 499% for all six alleles. 31 In order to replicate the results observed in the Inter99 study, we genotyped the rs2282679 and the two most common FLG loss-of-function variations (R501X, 2282del4) in the MONICA10 cohort using the same methods as described for Inter99.
Due to low numbers of the specific FLG loss-of-function variations and few compound heterozygotes, participants, who were either heterozygous or homozygous for at least one of the determined FLG loss-of-function variations, were categorized as FLG loss-of-function variation carriers. The various FLG loss-of-function variants are believed to have equivalent biological effects and have previously been grouped. 32 Information on the rs2282679 and FLG loss-of-function variation carriage was available for 6129 and 6247 Inter99 participants and 2543 and 2577 MONICA10 participants, respectively.
Anthropometrics
In both studies, waist circumference was measured without clothes halfway between the lower rib margin and iliac crest and categorized as normal (women: p80 cm; men: p94 cm), overweight (women: 480-88 cm; men: 494-102 cm) or obese (women: 488 cm; men: 4102 cm). 33 Height and weight were measured when wearing light clothes and no shoes. Body mass index was calculated as weight divided by height squared and categorized as underweight (o18.5 kg/m Educational level was categorized in four groups (none, low, medium and high) ranging from no vocational qualifications to 44 years of higher education. Finally, the quality of diet was accessed. In the Inter99 study, a diet quality score was calculated on the basis of responses to qualitative questions about intake of fruit, vegetables, fish and saturated fat and categorized as less healthy, average and healthy dietary habits. 34 In MONICA10, a predefined healthy food index was also calculated by giving one point for each of the following four self-reported characteristics of the diet: not consuming butter, lard or margarine daily, consuming either raw or boiled vegetables at least once daily, consuming either coarse white or coarse rye bread at least once daily and consuming fruit at least once daily. 35 Less healthy dietary habits were defined as a healthy food index of 0-1 points, average dietary habits as 2 points and healthy dietary habits as 3-4 points.
Statistical analyses
Statistical analyses were performed using SAS, version 9.3 (SAS Institute Inc, Cary, NC, USA). All reported P-values were two-tailed and statistical significance was defined as Po0.05.
Characteristics of the study population were examined by simple frequency tables and differences in geometric mean adiponectin were tested by one-way-analysis of variance.
The association between serum 25(OH)D and adiponectin was estimated by ordinary linear regression. Models were adjusted for sex, age, season of blood collection, waist circumference, body mass index, smoking status, physical activity in leisure time, dietary habits, alcohol consumption and educational level.
The association of FLG variation carriage and rs2282679 genotype with serum 25(OH)D and adiponectin was estimated by ordinary linear regression analyses, and the association with potential confounding factors was evaluated by testing for differences using the chi-square test.
To further examine the causal effect of serum 25(OH)D on adiponectin, we performed IV regression analyses. The use of IVs provides a method thought to improve the estimation of an unbiased and unconfounded effect of an exposure on an outcome. We used the rs2282679 and FLG lossof-function variations as IVs and applied the two-stage least square multiple instrument approach. 36 The first stage is a linear regression of 25(OH)D on the instruments, that is, FLG variations and rs2282679, which generates predicted values for 25(OH)D. The second stage is a linear regression of adiponectin on the predicted values. In addition to a crude model, we also adjusted for the potential confounders described above. The strength of the applied instruments were evaluated using the F statistics from the first stage linear regression, with values lower than 10 taken as evidence of a weak instrument. 36, 37 The R 2 was used as an indication of the power of the IV analyses. 37 SAS proc syslin was used to generate the IV effect estimates.
The distributions of 25(OH)D and total and HMW adiponectin were positively skewed, and log-transformations (natural log or log 2 ) were used to achieve normal distributions in order to meet model assumptions for the statistical analyses described above. In regression models with natural log-transformed outcomes, effect estimates were back transformed and reported as % effects with 95% CI. The use of log 2 -transformation of 25(OH)D in the IV analyses allowed the causal effect estimates to be interpreted directly as effect per doubling in 25(OH)D.
The total number of participants in the individual analyses differed to a little degree due to missing data.
RESULTS
General characteristics of the two study populations are shown in Table 1 . Median total adiponectin was 7.02 mg/ml (5th-95th percentiles: 1.90-26.05 mg/ml), and median HMW adiponectin was 3.34 mg/ml (5th-95th percentiles: 1.00-8.96 mg/ml) in the Inter99 and MONICA10 study cohorts, respectively.
Lower total and HMW adiponectin concentrations were significantly associated with male gender, younger age, overweight and obesity, non drinking and high alcohol intake (Table 1) . Lower total adiponectin was also significantly associated with low physical activity, current smoking, and less healthy dietary habits, and lower HMW adiponectin with a higher educational level (Table 1) .
Median serum 25(OH)D was 48.0 nmol/l (5th-95th percentiles: 16.0-100.0 nmol/l) in Inter99, and 61.0 nmol/l (5th-95th percentiles: 27.5-115.2 nmol/l) in MONICA10.
Serum 25(OH)D was significantly associated with total adiponectin adjusted for sex, age, season of blood collection, waist circumference, body mass index, smoking status, physical activity in leisure time, dietary habits, alcohol consumption and educational level, whereas no association was observed with HMW adiponectin neither in the crude nor in the adjusted models ( Table 2) .
The prevalence of the rs2282679 major allele homozygotes, heterozygotes and minor allele homozygotes were 52.2%, 39.9% and 7.9% in the Inter99 and 52.5, 39.3 and 8.2% in the MONICA10 study populations, and prevalence of FLG loss-of-function variation carriage was 8.8% and 7.5%, respectively. In both study cohorts, the rs2282679 major allele and FLG loss-of-function variation carriage were significantly associated with higher serum 25(OH)D concentrations (Table 3) . Moreover, the rs2282679 major allele and FLG loss-of-function variation carriage was associated Vitamin D and serum adiponectin. LLN Husemoen et al with higher adiponectin concentrations, although the observed associations were only statistically significant for total adiponectin and not for HMW adiponectin (Table 4 (Table 4) .
Rs2282679 genotype and FLG loss-of-function variation carriage were not significantly associated with potential confounders, except for the associations observed in MONICA10 between FLG loss-of-function variation carriage and age and season of blood collection (Supplementary information Table 3 ).
Using the rs2282679 and FLG loss-of-function variation carriage as IVs, we found a statistically significant causal effect of serum 25(OH)D on total adiponectin (Table 5 ). The causal effect was observed both when using the IVs as single instruments and when using the multiple instruments approach, that is, both instruments in the same model. Also, adjusting for potential confounders did not attenuate the observed effect (Table 5) . Notably, the estimated causal effects were more than 10-fold higher than the association observed by ordinary linear regression ( Table 5 ). The F and R Similar results were obtained for the IV analyses on HMW adiponectin in MONICA10, although the estimated causal effects were not statistically significant (Table 5 ). In MONICA10, the F and R 2 statistics from the first stage of the IV analyses (crude model) were 34.14 and 0.0133 (rs2282679), 6.80 and 0.0026 (FLG) and 20.78 and 0.0162 (rs2282679 and FLG).
DISCUSSION
We found that serum 25(OH)D was significantly associated with total adiponectin in a cross-sectional study of the general population. The association was confirmed using a Mendelian randomization approach, suggesting that the observed association could be causal. Using the rs2282679 and FLG loss-of function variations as IVs, the possible causal effect was estimated to a 60% higher total adiponectin per doubling in serum 25(OH)D, whereas the effect estimated by ordinary regression was only 5%. No statistically significant association was observed between serum 25(OH)D and HMW adiponectin, although the IV analyses to some extent supported a positive causal effect (borderline significant). The reason for the discrepancy between the results observed in two study cohorts may be that one measured total adiponectin and the other measured HMW adiponection, or that 25(OHD was measured by two different laboratory methods. Alternatively, the observed association in the Inter99 population may be a chance finding or the lack of an association in the MONICA10 population due to low power.
The major strengths of our study include the Mendelian randomization approach and the use of two independent IVs to strengthen causal inference. Using genetic instruments to examine associations between exposures and outcomes mimics a randomized trial and is believed to be superior to traditional observational association studies since the problems of confounding and reverse causation is minimized. Other important strengths include the objectively measured serum 25(OH)D, and the use of two independent large random samples of the general population of Denmark, a country with a high prevalence of low vitamin D status. 29 Major limitations of Mendelian randomization studies using IVs result from the strict assumptions that need to be satisfied for the method to be reliable. A valid Mendelian randomization study 38 First, we confirmed the associations between the rs2282679 and FLG loss-of-function variations with serum 25(OH)D in both the Inter99 and the MONICA10 cohorts. The rs2282679 was identified as one of the top-hits in two recent GWAS, 20, 21 and the association with 25(OH)D has also been replicated in a recent IV study. 39 FLG loss-of-function variations have also previously been associated with elevated serum 25(OH)D concentrations. 22 However, the F statistics indicated that FLG was a weak instrument. Second, we examined whether the rs2282679 and FLG loss-of-function variations were associated with measured potential confounders. No significant associations were observed, except for the associations in the MONICA10 between FLG lossof-function variations and age and season of blood collection. The associations were not replicated in the Inter99 and are likely to be incidental findings. Confounding by genes in linkage disequilibrium or other unmeasured confounders seems unlikely, since the group-specific component and FLG are located on different chromosomes and have different functions. A special case of unmeasured confounding is that of population stratification, that is, systematic difference in allele frequencies Adiponectin was transformed using natural log, and effect estimates (b coefficients) were back transformed using the formula (exp(estimate)-1) x 100% and reported as % with 95% CI. Serum 25(OH)D was transformed using log2 allowing effect estimates to be interpreted as effect per doubling in serum 25(OH)D.
Vitamin D and serum adiponectin. LLN Husemoen et al and the outcome between subpopulations in a population due to different ancestry. To minimize this we restricted our samples to participants of Northern European origin (Inter99) and individuals born in Denmark (MONICA10), respectively. Third, we examined whether the associations between the rs2282679 and FLG lossof-function variations and adiponectin were attenuated upon adjustment for serum 25(OH)D. Since the association was not attenuated, it suggests that unmeasured confounding or pleiotropic effects may exist that could be responsible of the observed association and consequently that the IVs may not be valid. Likewise, we found that the IV estimates were substantially larger than that observed by ordinary regression, which is an equivalent indication of violation of the IV assumptions. 38 However, these evaluations rely upon the assumption that the observed association in the ordinary regression model is an overestimation. 38 It can also be argued that these inconsistencies may indeed be expected due to the fact that the IV estimate is based on lifelong differences in serum 25(OH)D and is robust to regression dilution bias, that is, the attenuating effect of measurement error, seasonal and within-person variation. 40 It is likely that the single measurement of serum 25(OH)D in our study resulted in an underestimation of the true association between 25(OH)D and adiponectin in the ordinary linear regression analysis, suggesting that the IVs may be valid. Nonetheless, it is probable that the observed associations between the IVs and adiponectin are not mediated through 25(OH)D. Another limitation of our study was that the estimated causal effect from IV analyses were imprecisely estimated because of the limited variance in the genetic instruments, that is, low R 2 resulting in very large confidence intervals despite a fairly large study population. Thus, multiple IVs and a considerably larger sample size are preferable in future studies.
Our study is the first Mendelian randomization study on serum 25(OH)D and adiponectin. Also, our study is the first large-scale population-based study examining the association between serum 25(OH)D and total as well as HMW adiponectin. Recent cross-sectional studies on serum 25(OH)D and adiponectin have reported a positive association in some, [12] [13] [14] [15] [16] [17] but not all studies. [41] [42] [43] Compared to our study these studies generally included lower numbers of participants, were restricted to selected subgroups of the population and adjusted for fewer potential confounders.
Our results indicate that 25(OH)D may have a stronger association with total adiponectin than with HMW adiponection, although the confidence interval were quite wide and overlapping. In contrast, prior studies examining the association between adiponectin and risk of type 2 diabetes have found that HMW adiponectin had a slightly stronger association with diabetes than total adiponectin. 44, 45 A recent meta-analyses suggested that a 5 mg/ml increment in total adiponectin is associated with a relative risk of type 2 diabetes of 0.74. 7 Based on the estimated causal effects by the IV analyses in the current study, a doubling of 25(OH)D is expected to be associated with a relative risk of diabetes in the same order of magnitude. However, these are pure speculations. Future studies are needed to examine this.
The mechanism by which vitamin D may influence adiponectin is sparsely studied and deserves further investigations. However, it has been suggested that vitamin D may be involved in the regulation of expression and synthesis of adiponectin 46 or may influence adiponectin secretion via an increased adipose-tissue renin-angiotensin system activity. 12 In conclusion, our results indicate that serum 25(OH)D may be causally related to total adiponectin in the general population. However, we found some indications that the IV assumptions may not be fully met, and no statistically significant association was observed with HMW adiponectin. Thus, further studies are needed to confirm a causal association.
